Using a simple drop-freezing technique as in earlier studies, the ice nucleation activities of certain iodide and iodate systems, with and without soluble salts, have been investigated. It has been found that, of the systems tested, the iodide systems commonly used in the conventional cloud seeding, which are AgI.NaI and AgI.KI, are the least active. Also, the iodate system used in the pyrotechnic seeding, which is AgIO3+KIO3, is not the most active. Better nucleating systems have been named for possible use in both the types of seeding. The comparative activities noticed of the systems tested have been explained on certain qualitative considerations.
Introduction
Identification of particles which will nucleate supercooled drops to ice crystals, at warm temperatures, is of primary importance in studies of weather modification. Acetone solution of AgI using NaI or KI or NH4I as solubilizer and pyrotechnic mixture using AgI03 or AgI03 + KIO3 are the commonly reported silver iodide and iodate systems respectively for production of such particles.
From the experiments, using wind tunnel and cloud chamber facility for measurement, the silver iodide system using NH4I was found to be more active for ice nucleation than the one using NaI ). The present authors, using a different technique of measurement, which is drop-freezing, and unaware of the results referred to above, reported on the nucleation activities of silver iodide systems (Ramachandra Murty and Ramana Murty, 1971) which also pointed out that the one using NH4I is most active followed by those using NaI and KI. This feature is now confirmed. Using that same technique, the authors, in an earlier study, examined the nucleation activities of silver iodide suspensions containing certain soluble salts; and the study suggested that whereas the presence of sulphates improves the nucleating activity of the silver iodide suspension, that of the chlorides decelerates it (Ramachandra Murty and Ramana Murty, 1972a ). This aspect is now thoroughly examined. Also, the nucleation activity of iodate systems has been studied.
These investigations have enabled the sorting out, according to activity, of the various iodide and iodate systems which have been tested.
The results obtained are presented below. While no explanation had been offered while reporting the results referred to earlier Ramana Murty, 1971 and 1972 a) , attempt has been made now to explain qualitatively the results obtained so far.
Measurements
The equipment and the technique of measurement are as described earlier Ramana Murty, 1971 and 1972b) . The salient features are as follows : Drops of diameter 2.2 mm from the systems (aqueous suspensions) to be tested are placed in equal numbers of 30 each in two identical metal dishes. The dishes are sealed with glass covers and then cooled by transferring both of them simultaneously on to a cold stage which has been kept cooled, initially, to any of the pre-determined temperatures -3°C, -5°C and -10°C . The number of drops freezing at successive one-minute time intervals is noted with naked eye until all the drops taken in both the dishes have frozen. The fractions of drops frozen at successive time intervals and the total time taken for all the 30 drops to freeze, for each of the systems tested, formed the basic data for the study. For the initial temperatures of the cold stage which are referred to above, i. e. -3°C, -5°C and -10°C, the dishes attained, in the quasi-equilibrium conditions, temperatures which are respectively -2.7°C, -4.7°C and -9 .8°C. The temperatures are measured by thermocouples, using SWG-36 copper-constantan wires, at successive one-minute time intervals.
Reliability of measurements
The reliability of the present measurements for the purpose of comparing the ice nucleation activities of substances has been ensured. This is done by testing on substances about the threshold nucleation temperatures of which there is general agreement. The substances considered are AgI, PbI2 and CuS for which the threshold temperatures quoted are -4°C, -6°C and -6°C (vide Mason, 1971) . These substances have been tested using aqueous suspensions of 1 % concentration, for the threshold nucleation temperatures found at 1 concentration for different substances in bulk water (millimeter drops) agreed closely with those found for the respective substances in conventional cloud chamber (Mason and Van Den Heuvel, 1959) . The results on AgI and PbI2 have been obtained earlier and reported (Ramachandra Murty and Ramana Murty, 1972b) . These along with the results now obtained on CuS are presented in figure 1 and summarised in Table 1 . These experiments have been conducted with the cold stage initially at -10°C. The temperatures found of the first freezing event for the suspension drops containing AgI, PbI2 and CuS are -4.2°C, -6.5°C and -6.8°C respectively, and these values agree closely with the accepted threshold temperatures referred to above for these substances. Also, the total time taken for all the drops to freeze was found to be minimum in the case of AgI and maximum in the case of CuS. The findings confirm that the temperature of the first freezing event as well as the total time taken for all the drops to freeze, as from the present study, serve as indicators of the comparative nucleation activities of given substances.
Nucleation activities of AgI in the presence of sulphate and chloride
The effects of sulphates and chlorides on the nucleation activity of the aqueous suspension of AgI have been examined. The sulphates tested are of ammonium, lithium, sodium, potassium, caesium and magnesium and the chlorides tested are of sodium, potassium and magnesium. The results are presented in figure 2 and summarized in table 2 and these refer to the cold stage temperature initially at -5°C.
It is seen that, whereas the sulphates improve the nucleation activity of AgI, chlorides do the opposite. (NH4)2SO4 has been found to improve the activity of AgI most, followed by Cs2SO4. Li2SO4 has improved its activity least.
S. Nucleation activity of AgI in the presence of other iodides (solubilizers)
The effects of various other iodides on the nucleation activity of the aqueous suspension of AgI have been examined. The iodides considered are NH4I, LiI, NaI, KI and CsI. The results are presented in table 3, and these refer to the cold stage temperature initially at -10°C.
Except for ammonium iodide, the other iodides decelerated the nucleation activity of AgI. Lithium iodide decelerated it least and caesium iodide most. 
Iodates versus Iodides
It has been pointed out that the smoke obtained by burning the mixture AgI03 +KI03 is efficient for ice-formation, being better than the smoke obtained by burning AgI03 alone (Odencrantz, 1969) . In this operation, the contribution due to KIO3 separately is, however, not known. The substances AgIO3, KI03 and NaIO3 and combinations thereof, as well as the substances NaI and KI, have * Plus symbol '+' indicates that , in the given system, compounds are present, by weight, only in the stated ratio. For instance, in the system AgI+(NH4)2SO4, the compounds AgI and (NH4)2SO4 are present in the ratio 1 : 1. ** Dot symbol ' . ' indicates that, in the given system, compounds are present, by weight, in the stated molar ratio, For instance, in the system 2AgI.NH4I, the compounds AgI and NH4I are pre present in the ratio of 2 moles of AgI to one mole of NH4I. freezing only below -5°C).
The results obtained are presented in figures 4a to 4c and summarized in table 5.
The nucleation activity of the three silver iodide systems (NH4I.AgI, NaI.AgI and KI.AgI) improved with the addition of a sulphate to them. Of the three sulphates considered, that of ammonium rendered the iodide systems most efficient. The most efficient triple combination is the one which contained AgI, NH4I and (NH4)2SO4.
8. Discussion 8. 1. Materials for producing efficient ice nuclei Among the substances tested in the present study, the following is the choice for producing efficient ice nuclei. If a single substance alone is to be preferred, it is AgIO3. If it is a combination of two, its ice nucleation activity can be more than that of the single substance chosen; and that combination is AgIO3 + NaIO3. If it is a combination of three, its ice nucleating activity can be more than that of even the double combination chosen; and that combination is AgIO3 + NaIO3 +KIO3.
The iodates are used in cloud seeding by pyrotechnic methods. The combination of the iodates which is reportedly used by such methods is the double combination AgIO3 + KIO3 (vide Simpson et al., 1970) and this is now seen to be inferior to the double combination AgIO3 +NaIO3 which is itself inferior to the triple combination AgIO3 + NaIO3 + KIO3. The latter two combinations could, therefore, advantageously replace the former in pyrotechnic methods. But, there is one general drawback in the use of iodates.
Iodates may be reduced to iodides at temperatures at which pyrotechnic smokes are produced (Simpson et al., 1970) . There is no guarantee, therefore, that the pyrotechnic smokes of the iodates produced in the free air would behave as actively as the aqueous suspensions of the corresponding iodates. The alternatives which are suggested by the present authors, therefore, are AgI + NH4I for the double combination and AgI + NH4I + (NH4)2SO4 for the triple combination; and these will be free from such drawback.
No doubt, it has been presumed that in pyrotechnic seeding it is the pure silver iodide smoke produced which activates ice-formation at as warm a temperature as -2°C to -3°C (Elliott et al., 1971). But, it has been shown that the nucleating activity of silver iodide particles decreases with increase of sample purity (Corrin et al., 1967) . In view of the fact that the iodate suspensions have now been found to be better ice nucleants than the corresponding iodide suspensions, it is considered that the iodates can be used definitely beneficially in the place of iodides, only in 'Spray-Seeding'.
2. Ionic polarizability and ice nucleation
Effects noticed of sulphates, chlorides and other iodides (solubilizers) on the nucleation activity of silver iodide and the order in which the iodide systems, with and without sulphate, and the iodate systems exhibited nucleation activity, require to be explained. While it is difficult to visualise a rigorous explanation for the features noticed, the authors have the following qualitative remarks to offer.
Ice-formation, on the nucleating substrate, may be facilitated by the possible aggregation of water molecules around the adsorbed solute ions present on the substrate. The extent to which aggregation of water molecules takes place around the adsorbed ion may depend, among other factors, upon the polarizability of that ion, its electronic configuration and the polarizing power of the oppositely charged ion in the pair. It may be noted that, according to Weyl (1951) , a liquid surface consists of the most polarizable ions because polarizability permits an adjustment of the force-fields of the surface ions and, as a result, a lowering of the surface free energy. The implication of this postulate, as also discussedby Hosler (1951) , is that a small supercooled drop can be made to crystallize by the addition of foreign molecules or ions that reduce the surface free energy of the drop. Since the amount of surface free energy is a function of the polarizability of the ions, the presence of more polarizable ions or molecules on the substrate will reduce the amount of supercooling necessary to form ice crystals. Based on these considerations it is found possible to account for the observed features in the present study.
For a series of ions carrying the same charge it is known that, in general, the polarizability increases and the polarizing power decreases with the size of the ion. The value of molar refraction of a given substance gives its polarizability.
As the values of neither the ionic radii nor molar polarizabilities for all the substances tested are readily available to the authors, references are made below to the available values of the ionic refractions (cc per gram ion) and the molar refractions (cc per gram mole) as the case may be.
3. Effects of adding sulphate and chloride to drops o f AgI suspension
Water molecule is polar with a formal positive charge (0.33e) on hydrogen and negative charge (0.66e) on oxygen. AgI is a covalent solid and, therefore, when AgI particle alone is present in the water drop, water molecules can aggregate on the particle both from their O-and H+ ends. Consider the situation when the particle is present in the drop along with NaCl in one case and along with Na2SO4 in another case. The ions in the ionic pairs formed in the case of NaCI, Na+(H2O) Cl-, will be closer to each other than those formed in the case of Na2SO4, 2 Na+ (10 H2O) SO42-. In the case of Na2SO4, they will be far separated by the large number of intervening water molecules as against by one suchh molecule in the case of NaCl. Because of the closeness of the ions in the ionic pairs in the case of NaCl, the pairs exert nearly equal and opposite forces on the water molecules, making less possible for them to aggregate on the AgI particle either from their O-end or H end. These features would cause the nucleation activity of AgI + NaCl to be less than that of either AgI +Na2SO4 or AgI alone.
The SO42-has two negatively charged oxygen atoms and two S = O groups with lone pair of electrons. Water molecule has a lone pair of electrons on its oxygen atom.
Consequently, water molecules will be bound strongly to SO42-group. The addition of a sulphate to AgI in suspension could, therefore, improve the nucleation activity of AgI in accordance with observation.
4. Comparative effects of different sulphates
Of the sulphates studied, (NH4)2 SO4 Improved the activity of AgI most. The reason for the observed feature is considered as follows. All the cations have structure breaking effect except NH4+ which has it the least because of its charge being directed tetrahedrally along the N-H bonds.
The remaining sulphates tested improved the nucleation activity of AgI in the following order : Cs2SO4 > K2SO4 > Na2SO4 > Li2SO4. This is also the order in which the values of molar A.S. Ramachandra Murty and Bh. V. Ramana Murty 67 polarizabilitythis is the factor which is considered responsible for the improvement of the nucleation activity -of these sulphates lie. The values of the molar refraction, as calculated from the data of the physical constants, are 27.7, 19.1, 14.8 and 13.7 respectively for these sulphates. The values of molar refraction which were reported for Na2SO4 and Li2SO4 are respectively 14. 7 and 13.8 (vide Heydweiller, 1925) .
5. Effects of other iodides on AgI systems
When any of the iodides LiI, NaI, KI or CsI is added to the AgI system, the resulting complex ion formed by adsorption (I-Ag-I)-1 could take water molecules from only the H+ end. But, in the system containing AgI alone, which is neutral, it has been pointed out that AgI takes water molecules from both the H+ end and the 0-end. The nucleation activity of the AgI system should, therefore, be less with any one of the above iodides than without it. However, the nucleation activity (of the AgI system) will be affected differently by the different iodides depending upon the polarizing power of the corresponding cation. For the same charge, the smaller size cation will have larger polarizing power (because of the larger charge density), and so reduces the polarizability of the complex anion, (I-Ag-I)-1, by a lesser extent. As the polarizing powers of the cations Li+, Na+, K+ and Cs+ decrease in sequence -the values of the polarizing power respectively are 1.6, 1.0, 0.57 and 0.37 (vide Ladd and Lee, 1969) -the net polarizability of the complex anion (I-Ag-I)-1 formed in these cases also decreases in the same sequence. The observed sequence of the nucleation activities of the AgI systems, which progressively decreased from Li+ to Cs, supports this conjecture.
However, when NH4I is added to the AgI system, the AgI forms a coordination complex (NH3-Ag-I)0 which can take water molecules from both the H+ end and the O-end. Also, this coordination complex, on account of its larger size than AgI, will have larger polarizability than AgI. These features could lead to more nucleation activity in the case of AgI +NH4I than in the case of AgI alone, in agreement with observations.
6. Iodates versus Iodides
The polarizability of the iodate ion is more than that of the iodide ion. The values of ionic refraction for the iodate and iodide ions reported respectively are 17.86 and 17.53 (Heydweiller, 1925) . The iodates should, therefore, lead to more nucleation than the corresponding iodides. Though the difference between reported values of refraction of the iodate and iodide ions is small, it may be noted that it is in the right direction being consistent with what is anticipated on the basis of the present findings.
It is important to note that the substances NaIO3 and KIO3, which are highly soluble, are found to be better ice nucleants than even AgI. If it is considered that the observed ice nucleation activity of AgI is due to the combined effect of its polarizability and its crystal structure, the above finding suggests that the iodate ion, on account of its larger polarizability itself, has been surpassing AgI inspite of the combined effect of the polarizability and crystal structure of AgI. The role of AgI in ice nucleation due to its polarizability was pointed out long ago (Weyl, 1951) .
7. Effects of other iodates on AgIO3 systems
When KIO3 or NaIO3 is present in the system containing AgIO3, the polarizability of the complex compound formed, by adsorption, will be more than that of the system containing AgIO3 alone because polarizability is an additive property.
However, between the combinations with NaIO3 and with KIO3 there is a difference, which is similar to what has been pointed out, as in the case of AgI combinations with NaI and with KI. Both Na+ and K+ reduce the polarizability of the corresponding anion IO3-in the corresponding complex compounds formed, Na+ reducing it less than K+ on account of the former's larger polarizing power. Also, the net polarizability of the system containing the triple combination, AgIO3 + NaIO3 + KI3, will be more than that of the system containing the double combination, AgIO3 + NaIO3.
These considerations lend support to the comparative nucleation activities as observed in the case of the iodate systems.
Conclusion
The study pointed out that iodates are better ice-forming nucleants than the corresponding iodides. They improve in their ice nucleating activity by the addition of certain soluble compounds to them in suspension. Ten of the systems
